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Abstract
Aedes aegypti is a vector of viruses that negatively impact human health. Insecticide resistance complicates mosquito control efforts, but understanding the mechanisms of resistance can help to improve management practices. This study examined different factors that could influence the interpretation of toxicity bioassays
and gene expression studies in A. aegypti, including sex and age, in the context of
resistance to pyrethroids. Bioassays using a pyrethroid-resistant strain, Puerto Rico
(PR), and a pyrethroid-susceptible strain, Rockefeller (Rock), of A. aegypti were conducted with females and males of three age groups to determine differences in
mortality induced by deltamethrin. Overall, strain was the only factor with a significant effect on the LD50. Enzyme assays showed that cytochrome P450 monooxygenase activity in PR was constitutively higher than in Rock, and that pretreatment
with the cytochrome P450 inhibitor piperonyl butoxide (PBO) followed by a topical
application of deltamethrin (LD25) significantly increased mortality in both strains.
Evaluation of the expression levels of seven CYP9J genes previously reported to be
Published in Pesticide Biochemistry and Physiology 156 (2019), pp 96–104.
doi 10.1016/j.pestbp.2019.02.007
Copyright © 2019 Elsevier Inc. Used by permission.
Submitted 26 November 2018; revised 7 February 2019; accepted 10 February 2019;
published 11 February 2019

1

Rault et al. in Pesticide Biochemistry and Physiology 156 (2019)

2

involved in pyrethroid resistance revealed that CYP9J10, CYP9J19, and CYP9J28 were
more highly expressed in PR than in Rock at all ages of females and males, indicating that they may be essential for resistance. The expression of CYP9J24, CYP9J26,
CYP9J27, and CYP9J32 was higher in PR males compared to other groups, including PR females. Significant differences in expression between sexes and strains were
also observed as a result of age.
Keywords: Aedes aegypti, Pyrethroid resistance, Deltamethrin, PBO, Cytochrome
P450, Gene expression

1. Introduction
Aedes aegypti (L.) is a mosquito species with a worldwide distribution,
mainly present in tropical to temperate regions, including the southeastern United States (Kraemer et al., 2015; Centers for Disease Control and Prevention, 2017). More than just a nuisance, A. aegypti is a
vector of flaviviruses such as dengue, yellow fever, and Zika viruses
(Kyle and Harris, 2008; Muktar et al., 2016), as well as alphaviruses such
as chikungunya virus, which can also be transmitted by Aedes albopictus (Powers and Logue, 2007), all affecting human health. The recent
outbreak of Zika in the U.S. and its reemergence and spread in the Pacific islands and Micronesia (Duffy et al., 2009; Musso et al., 2014), chikungunya cases on all continents except Antarctica since 2004 (Coffey et al., 2014), and the continuous propagation of yellow fever and
dengue worldwide, but particularly in Africa and South America (Tomori, 2004), stress the urgent need for effective control of the vector.
Historically, control of vector mosquito populations has been accomplished using organochlorine, organophosphate, carbamate,
and pyrethroid insecticides, along with bacterial toxins from Bacillus
thuringiensis var. israelensis (Bti) and insect growth regulators, which
have been used as both larvicides and adulticides in water treatments, sprays, and treated fabrics, ultimately selecting for resistance
to most modes of action (Georghiou et al., 1987; Rodríguez et al.,
2002; Kroeger et al., 2006; Ranson et al., 2010). Currently, pyrethroids
are dominant in the control of A. aegypti due to their relative safety
for humans in insecticide-treated mosquito nets, particularly alphacyano pyrethroids such as alpha-cypermethrin, cyfluthrin, deltamethrin, and lambda-cyhalothrin, as well as non-cyano pyrethroids such
as etofenprox and permethrin (Zaim et al., 2000; Hougard et al., 2003;
Manjarres-Suarez and Olivero-Verbel, 2013). However, widespread use

Rault et al. in Pesticide Biochemistry and Physiology 156 (2019)

3

of pyrethroids has resulted in high selection pressure that has driven
field-evolved resistance to pyrethroids in A. aegypti populations (Ranson et al., 2010; Vontas et al., 2012; Smith et al., 2016).
Known mechanisms of resistance to multiple insecticide classes often involve increased activity of detoxification enzymes such as esterases, cytochrome P450s, and glutathione S-transferases (GSTs) (Lumjuan et al., 2005; Strode et al., 2008; Francis et al., 2017) and/or target
site modifications, mainly in the sequence of acetylcholinesterase
(Hemingway et al., 1989), the gamma-aminobutyric acid (GABA) receptor (Thompson et al., 1993), and the voltage-gated sodium channel
(Brengues et al., 2003; Du et al., 2016). Although multiple nonsynonymous target site mutations were detected in strains of pyrethroidresistant A. aegypti from Puerto Rico, the Grand Cayman, Cuba, Thailand, French Guiana, Guadeloupe, New Caledonia, and Isla Mujeres
(Mexico), these strains also exhibited high levels of cytochrome P450
gene expression (Strode et al., 2008; Bariami et al., 2012; Reid et al.,
2014; Dusfour et al., 2015; Estep et al., 2017). This may be explained
by the abundance of detoxification genes in the genome of A. aegypti
(Strode et al., 2008), but also by the prominence of cytochrome P450mediated pyrethroid resistance in insects (Tomita and Scott, 1995; Ranasinghe and Hobbs, 1998; Yang et al., 2006; Komagata et al., 2010;
Riveron et al., 2013).
It was demonstrated that certain cytochrome P450s, especially
CYP9Js, were more highly expressed in diverse pyrethroid-resistant
strains of A. aegypti. More specifically, it was shown that the genes
CYP9J10, CYP9J19, CYP9J26, CYP9J27, and CYP9J28 were more highly
expressed in two strains (Cayman and Cuba) of pyrethroid-resistant A.
aegypti (Bariami et al., 2012). Stevenson et al. (2012) cloned and expressed CYP9J24 and CYP9J32, in addition to the other genes investigated by Bariami et al. (2012) that were all highly expressed in Isla
Mujeres and Merida strains of A. aegypti, to determine their role in
the metabolism of permethrin and deltamethrin. It was concluded that
CYP9J24, CYP9J26, CYP9J28, and CYP9J32 are capable of metabolizing
deltamethrin and permethrin. Moreover, in 2- to 5-days old females
of the Puerto Rico strain, the cytochrome P450 inhibitor piperonyl butoxide (PBO) was tested in combination with permethrin and found to
reduce permethrin resistance from 73-fold to 15-fold when compared
to the susceptible Orlando strain. This result suggested a P450-mediated resistance to pyrethroids (Reid et al., 2014). CYP transcripts that
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are more highly expressed in Puerto Rico, as compared to the susceptible strain Orlando, coincided with previous findings (Estep et al.,
2017). The pyrethroids permethrin, alpha-cypermethrin, and etofenprox were tested on these strains and Puerto Rico was resistant to all
three pyrethroids in addition to a 19-fold resistance to DDT and 3.7fold resistance to indoxacarb. Overall, 26 CYP genes, including CYP9J9,
CYP9J23, and CYP9J27, were expressed with a 2-fold or higher difference in Puerto Rico than Orlando.
The identification of resistance mechanisms and resistance monitoring require laboratory testing. The World Health Organization
(WHO) states that the results of insecticide susceptibility tests can
be affected by the sex, age, and physiological status of mosquitoes
(World Health Organization, 2016). Males are considered more fragile and are not typically used for resistance monitoring due to high
levels of control mortality. The most recent recommendation by the
World Health Organization is to use adult females between 3 and 5
days old (World Health Organization, 2016), although it was previously recommended to use “young” mosquitoes between 1 and 3
days old (World Health Organization, 1998). Lines and Nassor (1991)
established that resistance to DDT decreased with age in Anopheles
gambiae, and Chouaibou et al. (2012) demonstrated that susceptibility to deltamethrin, permethrin, malathion, and propoxur increased
with age. However, these recommendations and studies focused on
Anopheles mosquitoes and examined a wide range of ages, up to 12 to
14 days old adult females. Toxicity bioassays using female Aedes mosquitoes of different ages exposed to pyrethroid-impregnated fabric
revealed that 3-day old mosquitoes were knocked down more slowly
than 14-day old mosquitoes, regardless of the strain or species, confirming that age could play a role in susceptibility (Rajatileka et al.,
2011). The commonly used age groups vary in a narrower range, including 1 to 3 days old (Flores et al., 2013), 2 or 3 to 5 days old (Hougard et al., 2003; McAllister et al., 2012; Ngoagouni et al., 2016), and
5 to 7 days old (Pridgeon et al., 2008). This heterogeneity emphasizes
the lack of standardization in laboratory testing for A. aegypti, which
could influence the conclusions from bioassays and gene expression
studies and lead to incorrect assessments of susceptibility and resistance characteristics of a population.
An understanding of control failures and of the underlying resistance mechanisms can lead to the improvement of control strategies
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by using insecticides that do not share common resistance mechanisms. Mosquito responses to insecticide exposure as measured by
mortality, enzyme activity, and gene expression could vary with age,
since different age ranges may have a different susceptibility to insecticides. Sex is also an important factor, as resistant males propagate
their resistance alleles in the population. This study examined different factors that could influence the interpretation of toxicity bioassays and gene expression studies in A. aegypti, including sex and age,
in the context of resistance to pyrethroids. Furthermore, this study investigated the influence that these factors have on mortality and enzyme activity following pyrethroid exposure, and changes in gene expression. The goals of this study are to assess the legitimacy of using
different age groups in bioassays and to identify candidate genes in
pyrethroid resistance exhibited by the Puerto Rico strain as compared
to the susceptible Rockefeller strain of A. aegypti.
2. Materials and methods
2.1. Mosquitoes
Two strains of mosquitoes were used in this study: (1) a susceptible
laboratory population, Rockefeller (Rock), established in 1937 (obtained through BEI Resources, NIAID, NIH: Aedes aegypti, Strain ROCK,
MRA-734, contributed by David W. Severson), and (2) a pyrethroid-resistant strain, Puerto Rico (PR), collected from San Juan, Puerto Rico
and maintained in the laboratory under selection pressure since 2012
(provided by Centers for Disease Control and Prevention (CDC) for distribution by BEI Resources, NIAID, NIH: Aedes aegypti, Strain Puerto
Rico, Eggs, NR-48830). Eggs from these strains were reared to adulthood separately. Adult mosquitoes were maintained at 27 °C and 70–
80% relative humidity with a photoperiod of 12:12 (light: dark). Adults
were kept in screened cages and provided with 10% sucrose solution
ad libitum. In order to produce eggs, female mosquitoes were provided a blood meal of defibrinated sheep blood (Remel Incorporated,
San Diego, CA) using an artificial glass mosquito feeder (Chemglass
Life Sciences LLC, Vineland, NJ) and allowed to oviposit on seed paper (Anchor Paper Company, Saint Paul, MN). Eggs were hatched, and
larvae were reared in plastic containers partially filled with distilled
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water at approximately 25 °C. Larvae were fed ground fish food flakes
(TetraMin, Melle, Germany). Pupae were transferred to a 100 mL beaker containing distilled water and were placed in an adult cage for
emergence. Mosquitoes were aspirated and transferred to a new cage
within 24 h of emergence in order to maintain age-matched cohorts
of each strain. Mosquitoes were anesthetized on ice and females and
males were separated for experiments. Females and males of three
age ranges were collected for toxicity bioassays, RNA extraction, and
subsequent gene expression analysis: 1 to 3 days old, 3 to 5 days old,
and 5 to 7 days old. Triplicates of 10 mosquitoes were tested and subsequently flash frozen in liquid nitrogen and stored at −80 °C until microsome preparation or RNA extraction.
2.2. Toxicity bioassays
Mosquitoes were anesthetized on ice and received a treatment depending on age, sex, and strain. The average weight of each category (delimited by age, sex, and strain) was determined by weighing 3
groups (triplicates) of 10 mosquitoes. The obtained weights were analyzed in a three-way ANOVA with Tukey’s multiple comparison test.
Each condition consisted of 3 replicates of 10 mosquitoes. Each
mosquito received a topical application of 0.2 μL of either acetone
(Sigma-Aldrich, Saint Louis, MO) as a control treatment, or technical grade deltamethrin (Chem Service Inc., PA), diluted in acetone, on
the pronotum. Mosquitoes from the Rock strain (females and males)
were treated with one of the following concentrations of deltamethrin: 0.0015, 0.005, 0.015, 0.05, or 0.15 ng/μL. Mosquitoes from the
PR strain (females and males) were treated with one of the following concentrations of deltamethrin: 0.15, 0.5, 1.5, 5, or 15 ng/μL. The
dose of deltamethrin treatments was calculated by multiplying the
total volume applied to each mosquito (0.2 μL) by the concentration
of the stock solution, then dividing the product by the average body
weight of each mosquito group (depending on age and sex). Following topical application of acetone or deltamethrin, mosquitoes were
transferred into soup cups covered by mesh and sealed with a rubber
band to prevent escape and were supplied with cotton balls soaked
in 10% sucrose. Mortality was determined 24 h after treatment as defined by the CDC), which includes any mosquito that has been ‘immobilized’ and can no longer stand. Abbott’s correction (Abbott, 1925)
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was utilized to account for mosquito mortality in the control groups,
and if control mortality exceeded 20%, data from that test group were
not used. The dose-response curve was obtained with a nonlinear regression to calculate the LD50 values and confidence intervals for each
group and a linear regression to calculate the slope of the regression.
Differences in LD50 values were assessed based on a three-way ANOVA
and Tukey’s multiple comparison test. All statistical tests were carried
out at a significance level of 0.05. All statistical analyses for toxicity
bioassays and enzyme assays were performed with GraphPad Prism
version 7.00 for Windows (GraphPad Software, La Jolla California USA,
www.graphpad. com).
2.3. Synergist bioassays
2.3.1. Cytochrome P450 monooxygenase activity
Microsomal cytochrome P450 monooxygenase (P450) activity was
measured and compared in 3 to 5 days old females and males of
both the Rock and PR strains in order to verify that PBO (Chem Service Inc., PA) had the expected effect on cytochrome P450 activity.
Each group was topically exposed to 0.2 μL of either acetone (control) or 100mM PBO.
Per sample, 10 mosquitoes were flash frozen in an Eppendorf tube
and stored at −80 °C until microsome preparation. Microsomes were
isolated to maximize the precision of P450 activity readings using the
commercial microsome isolation kit produced by Abcam (Cambridge,
MA), following the manufacturer instructions. A protein assay, adapted
from Smith et al. (1985) was performed to standardize P450 activity
in relation to the amount of total protein contained in each sample,
based on an umbelliferone standard curve. Concomitantly, the microsome preparations were used in a fluorometric assay to measure P450
activity by 7-ethoxycoumarin O-deethylation resulting in fluorescent
7-hydroxycoumarin (Weber, 1972; Desousa et al., 1995; Stumpf and
Nauen, 2001; Anderson and Zhu, 2004). Each sample type was replicated 3 times (biological replicates) and technical replicates were pipetted in triplicates. Fluorescence was measured with a SpectraMax i3x microplate fluorescence reader (Molecular Devices, San Jose, CA) at 465
nm while exciting at 390 nm, using black Costar UV transparent 96well microplates (Corning Inc., Corning, NY). Readings were collected
with the software SoftMax Pro 7.0 (Molecular Devices, San Jose, CA).

Rault et al. in Pesticide Biochemistry and Physiology 156 (2019)

8

The plate readings obtained were converted to relative fluorescence units (RFU) and scaled with the total protein content of each
sample (RFU/mg protein). Data were analyzed by comparing strain
and treatment differences for the two sexes using a two-way ANOVA
followed by Tukey’s multiple comparisons test. All statistical tests were
carried out at a significance level of P≤.05.
2.3.2. Bioassay with PBO
Female and male mosquitoes of the Rock and PR strains were exposed by age groups to deltamethrin in order to evaluate differences
in mortality (CDC definition). A dose of PBO was determined based on
solubility limits and mosquito weight. The pre-exposure time of PBO
was determined by a preliminary experiment showing reduced cytochrome P450 activity in mosquitoes after 4 h. Female mosquitoes received 0.2 μL of acetone (control) or 0.2 μL of 100mM (20 mM) of PBO
prepared in acetone. Males received 0.2 μL of acetone (control) or 0.2
μL of 35.7 mM (7.14 mM) of PBO (proportioned to account for the
weight difference between females and males). For each age group,
each sex, and each strain, at 4 h after PBO treatment, triplicates of 10
mosquitoes were anesthetized on ice and topically treated with either
0.2 μL of acetone as a control or 0.2 μL of deltamethrin at the calculated LD25 values, ROCK females received 0.001 ng and males 0.00003
ng of deltamethrin, PR females received 0.1 ng and PR males 0.04 ng.
Following topical application of acetone or deltamethrin, mosquitoes
were transferred into soup cups covered by mesh. Mortality was recorded 24 h after deltamethrin treatment. Mortality differences between treatments and groups were analyzed by strain in a two-way
ANOVA followed by Tukey’s multiple comparisons test. Age and sex
data were merged within a treatment, if no difference was found in
the previous analysis, and mortality percentages per treatment and
per strain were analyzed with a one-way ANOVA followed by a Sidak’s multiple comparisons test and comparisons exhibiting P≤.05
were considered significant.
2.4. Gene expression
2.4.1. RNA extraction and cDNA synthesis
The RNA extraction area and materials were treated with RNase
zap® (Ambion Inc., Foster City, CA). RNA extraction was performed
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using Tri Reagent RT (Molecular Research Center, Inc., Cincinnati, OH)
and 1μg of RNA per 20 μL reaction volume was reverse transcribed using the iScript cDNA reverse transcription kit following manufacturer
indications (Biorad, Hercules, CA). The resulting cDNA was diluted 2fold to accommodate the volumes of the reaction.
2.4.2. Quantitative-reverse transcriptase PCR
Primer pairs for the quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) were either designed using the online software Primer3 (Rozen and Skaletsky, 2000) or were A. aegypti specific
primer pairs (Table 1). All primers were synthesized by Sigma-Aldrich
(Saint Louis, MO).
The qRT-PCR experiments were performed using a Biorad CFX Connect Real-Time System with iTaq Universal SYBR® Green Supermix
(Biorad). The PCR cycle protocol program consisted of an initial step
of 3 min at 95 °C for denaturation, followed by 40 cycles of the following steps: 10 s at 95 °C for denaturation, 30 s at 59 °C for primer
annealing, and 30 s at 72 °C for primer extension. After a final step
of 72 °C for 5 min, a melting curve was taken from 65 °C to 95 °C by
increments of 0.5 °C for 5 s. All reactions consisted of 2 μL of cDNA,
0.5 μL of each primer at 10 μM, 5 μL of SYBR® green and 2 μL of water, for a total volume of 10 μL. Each condition was repeated in technical triplicates.
Table 1. List of primers, the genes they are associated with, product size, efficiency, and origin.
Gene
Forward primer
Reverse primer
Product
			length

Efficiency

Origin

Actin

CGTTCGTGACATCAAGGAAA

GAACGATGGCTGGAAGAGAG

175 bp

98.8%

Dzaki et al. (2017)

RPS17

AAGAAGTGGCCATCATTCCA

GGTCTCCGGGTCGACTTC

200 bp

95%

Dzaki et al. (2017)

CYP9J10

ATTCGGTGTTGGTGAAAGTTCTGT

CATGTCGTTGCGCATTATCCC

160 bp

106.7%

Bariami et al. (2012)

CYP9J19

AGTACCTCTACTTTCTGGC

GAAAAGCGTAGTACAACTCGT

129 bp

103.7%

Bariami et al. (2012)

CYP9J24 GATGACGGACGTGGAAATGG
TCTGGATCTCGTCGTACAGC
143 bp
106.1%
					
					

Sequence from
Stevenson et al. (2012)
but custom designed

CYP9J26

CCTCTCCTGCTGCGAAAGGTC

CGTCTCGAACATCCCGAAAACTTT

93 bp

101.3%

Bariami et al. (2012)

CYP9J27

GTTGTTCGATGAAGAAAGTGCTGA

GGAGGTCTTCGCCTTCTTTACAT

100 bp

102.7%

Bariami et al. (2012)

CYP9J28

CAATGACGAAAACAAGCGGAAC

GGCCCAAATTAGTGAACCCCT

222 bp

99.6%

Bariami et al. (2012)

CYP9J32 CTGCAAGTCGAATCGCTCAA
GATCCCATGAGTCTCCCGAG
222 bp
100.9%
					
					

Sequence from
Stevenson et al. (2012)
but custom designed
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The statistical analysis of the qRT-PCR results was performed using the R (R Core Team, 2013) package MCMC.qpcr (Matz et al., 2013).
This method uses a generalized linear mixed model (GLMM), allowing information from all genes to be considered to estimate fixed and
random effects. GLMM permits the analysis of complex designs by an
ANOVA-type analysis, contrary to more traditional ΔΔ Ct methods
working by pairwise comparisons. The model also considers primer efficiencies and allows the calculation of molecule counts from Ct values
for all conditions. Prior to analysis, outliers of technical replicates were
removed after visualization of the melt curve and amplification curve.
All transcripts of interest and two housekeeping genes were analyzed. The housekeeping genes selected for the analysis were β-actin
and ribosomal protein S17 (RPS17) (Dzaki et al., 2017), however, these
genes were not specified as “control” genes since no assumption was
made about their stability, which is one of the features of the package used. The effect of age, sex, and strain on the expression of the
selected genes was measured. P-values were corrected for multiple
tests by applying the method of Benjamini and Hochberg (1995) with
a false discovery rate of 5%.
3. Results
3.1. Toxicity bioassays
Weight was significantly different between females and males within
each strain (F=586.1, df=1, P < .0001). On average, Rock females were
2.21-fold heavier than males and PR females were 1.98- fold heavier
than males, which results in a 2.08-fold weight difference between
sexes across strains. There was also a significant effect of strain on
weight (F=21.78, df=1, P < .0001) and a significant interaction between strain and sex (F=15.74, df=1, P=.0001). PR females between
1 and 5 days old were also significantly heavier than Rock females
(P < .0001 at 1 to 3 days old, P=.0476 at 3 to 5 days old). The calculated LD50 values for deltamethrin are shown in Table 2. The ANOVA
revealed differences between strains only (F=76.4, df=1, P < .0001).
Overall, PR exhibited LD50 values approximately 75-fold greater than
Rock.
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Table 2. LD50 values adapted to the weight of mosquito groups, in pg/mg, and related values calculated for Rockefeller
and Puerto Rico strains of the mosquito species Aedes aegypti after exposure to a range of deltamethrin concentrations.
Males

Females

LD50 in
95% C.I.
R2
Slope
N
pg/mg					

LD50 in
pg/mg

95% C.I.

R2

Slope

N

1 to 3

1.6

0.66 to 3.7

0.89

57.87 ± 15.37

30

4.281

2.6 to 7.41

0.974

45.93 ± 7.13

30

3 to 5

3.28

1.17 to 9.58

0.87

51.33 ± 7.33

30

2.603

1.14 to 6.4

0.918

46.01 ± 6.72

30

5 to 7

0.98

0.27 to 2.68

0.73

34 ± 7.34

60

2.792

1.73 to 4.63

0.936

51.03 ± 6.82

60

1 to 3

153.9

63.31 to 355.5

0.89

57.87 ± 15.37

30

314.2

191 to 544.2

0.974

45.93 ± 7.13

30

3 to 5

163.2

61.92 to 421.7

0.88

54.46 ± 13.52

30

204.9

109.5 to 397.3

0.946

56.71 ± 9.85

30

5 to 7

164.7

55.95 to 460.1

0.85

50.54 ± 13.54

30

172

77.19 to 411.2

0.909

55.26 ± 10.74

30

Age group
in days post
emergence
Rockefeller

Puerto Rico

3.2. Synergist bioassays
3.2.1. Cytochrome P450 monooxygenase activity
The interaction between Strain-Sex and treatment factors was significant (F=15.25, df=3, P < .0001). Cytochrome P450 activity in females and males was significantly higher in PR than in Rock individuals when comparing the control of each strain (acetone). PR females
exhibited a lower cytochrome P450 activity than PR males (significant Strain-Sex effect, F=39.17, df=3, P < .0001). The effect of treatment was also significant (F=195.3, df=1, P < .0001), as cytochrome
P450 activity decreased 50% in Rock males and between 70 and 80%
in Rock females and PR females and males following treatment with
PBO as compared to treatment with acetone (Fig. 1).
3.2.2. Bioassay with PBO
Mortality was significantly increased in both strains between the
exposure to deltamethrin alone at the calculated LD25 and the exposure to deltamethrin at the LD25 after PBO pretreatment (F=1083, df=3,
P < .0001) (Fig. 2). The mortality for Rock reached ca. 93%, while it increased to ca. 70% for PR. There was no significant difference in mortality between the age groups or sexes.
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Fig. 1. Bar graphs of the mean cytochrome P450 enzyme activity (±SD) in males
and females of the Rockefeller and Puerto Rico strains of the mosquito species Aedes aegypti 4 h after treatment with acetone or 100mM PBO. Differences between
groups and treatments were determined by a two-way ANOVA, followed by Tukey’s
multiple comparisons posthoc test. Similar letters over the bars indicate non-significant differences.

Fig. 2. Bar graphs of mean mortality percentages (±SD) in Rockefeller and Puerto
Rico strains of the mosquito species Aedes aegypti, males and females of three age
groups combined, following exposure to deltamethrin at the appropriate LD25 calculated for each group, with or without PBO pretreatment (100 mM). Differences
were determined by a one-way ANOVA and a Sidak’s multiple comparisons test.
Similar letters over the bars indicate non-significant differences.
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3.3. Gene expression
There were significant differences between the PR and Rock strains,
between females and males, and/or between the different age
groups for all transcripts (Table 3 and Figs. 3 and 4). Strain alone
affected the expression of all the CYP9J transcripts, showing an increased expression in PR compared to Rock for all transcripts (fold
change>1) except CYP9J26 and 27, for which expression was decreased in PR (fold change<1). The expression levels of CYP9J10, 19,
and 28 were between 2.75- and 133,727- fold higher in PR than in
Rock mosquitoes, regardless of sex or age groups (Fig. 3). The transcript CYP9J28 was expressed in Rock at very low levels (abundance
close to 0), explaining the high fold change value (Table 3). There
was a difference in the expression of CYP9J28 based on the age of
the mosquitoes, generating a significant difference between sexes
between 1 and 5 days old. Males also showed a higher level of expression than females in PR until age 5 to 7 days old. The sex-related expression difference was maintained in all age groups in PR
for the gene CYP9J10. The expression of the transcript CYP9J19 decreased in Rock females and males between the older age groups
(3 to 5 and 5 to 7 days old), but was not significantly different between ages in the PR strain, explaining the significant interaction of
age and strain on the expression of this gene.

Fig. 3. Expression patterns (mean ± SD) of three CYP9J transcripts amplified in the
qPCR experiment in three age groups of the Rockefeller and Puerto Rico strains of
the mosquito species Aedes aegypti, for the two sexes by strain analyzed with the
R package “MCMC.qpcr”. Males are represented in dark blue, females in orange.
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Table 3. Significant factors in the expression of the genes tested in the qPCR experiment.
The baseline factor levels were age 1 to 3 days old for the age factor, female for the sex factor, and Rockefeller for the strain factor.
Factors affecting expression (by transcript)
Cytochrome P450 9J
CYP9J10
Age effect (2)
Strain effect
Sex effect
interaction between Age (2) and Sex effects
interaction between Strain and Sex effects
CYP9J19
Age effect (2)
Strain effect
interaction between Age (1) and Strain effects
CYP9J24
Age effect (2)
Sex effect
Strain effect
interaction between Age (1) and Strain effects
interaction between Age (2) and Sex effects
interaction between Strain and Sex effects
CYP9J26
Age effect (1)
Age effect (2)
Sex effect
Strain effect
interaction between Age (1) and Strain effects
interaction between Age (2) and Sex effects
interaction between Age (2) and Strain effects
interaction between Strain and Sex effects
CYP9J27
Age effect (2)
Sex effect
Strain effect
interaction between Age (1) and Strain effects
interaction between Age (2) and Sex effects
interaction between Age (2) and Strain effects
interaction between Strain and Sex effects
CYP9J28
interaction between Age (1) and Strain effects
Strain effect
interaction between Strain and Sex effects
CYP9J32
Age effect (2)
Sex effect
interaction between Age (2) and Sex effects
interaction between Strain and Sex effects
Housekeeping genes
Actin
Age effect (2)
Strain effect
interaction between Age (2) and Sex effects
interaction between Age (2) and Strain effects
RPS17
Sex effect
interaction between Age (2) and Sex effects

Fold change Adjusted P-value

Significance level

0.48
4.74
2.75
0.12
2.80

0.009
9.17E-09
0.0004
9.94E-08
0.013

**
***
**
***
*

0.14
34.07
0.36

9.17E-09
0
0.05

***
***
*

0.36
5.17
2.31
2.97
0.15
18.32

0.002
1.12E-06
0.017
0.029
4.04E-05
3.31E-10

**
***
*
*
***
***

0.38
0.14
6.48
0.29
7.15
0.15
6.10
18.28

0.001
4.30E-11
1.95E-10
5.69E-05
5.64E-06
5.61E-06
2.42E-05
6.82E-12

**
***
***
***
***
***
***
***

0.39
4.95
0.45
3.82
0.12
2.78
13.13

0.006
5.15E-07
0.013
0.004
5.06E-06
0.036
9.17E-09

**
***
*
**
***
*
***

5.22
133,727.33
52.58

0.025
0
1.04E-09

*
***
***

0.33
1.83
0.14
5.79

4.10E-05
0.035
2.58E-07
5.61E-06

***
*
***
***

0.26
6.17
0.18
2.40

5.15E-07
4.72E-11
7.37E-06
0.030

***
***
***
*

0.47
0.23

0.004
2.96E-05

**
***

“Age effect (1)” refers to the difference between 1 to 3 days old and 3 to 5 days old, whereas “Age effect
(2)” refers to the difference between 1 to 3 days old and 5 to 7 days old.
Significance level codes: “***” Adjusted P-value<.001; “**” adjusted P-value between 0.001 and 0.01; “*”
adjusted P-value between 0.01 and 0.05.
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Fig. 4. Expression patterns (mean ± SD) of four additional CYP9J transcripts amplified in the qPCR experiment in three age groups of the Rockefeller and Puerto
Rico strains of the mosquito species Aedes aegypti, for the two sexes by strain analyzed with the R package “MCMC.qpcr”. Males are represented in dark blue, females in orange.

For the genes CYP9J24, CYP9J26, CYP9J27, and CYP9J32, the strain
difference, although significant (Table 3), was mainly due to PR males
exhibiting higher expression levels at all age groups than Rock females
and males, as well as higher expression levels than PR females (Fig. 4).
The expression of CYP9J10, 24, 26, 27, and 32 was different between
age groups with a higher expression level in males than in females,
regardless of strain or age. Expression levels of CYP9J10, CYP9J24,
CYP9J26, CYP9J27, and CYP9J32 decreased between 1 and 5 and 5 to
7 days old, whereas for the transcript CYP9J26, expression decreased
from 3 to 5 days old through 7 days old, particularly in Rock males.
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4. Discussion
In this study, the association of age and sex with insecticide toxicity
and gene expression in A. aegypti was investigated. More specifically,
this study focused on females and males of age groups consisting of
1 to 3 days, 3 to 5 days, and 5 to 7 days post emergence, as they are
the main age groups used in other studies (Hougard et al., 2003; Pridgeon et al., 2008; McAllister et al., 2012; Flores et al., 2013; Reid et al.,
2014; Ngoagouni et al., 2016; Estep et al., 2017). The comparison of a
pyrethroid- resistant to a pyrethroid-susceptible strain gave some insight into the role of certain genes in resistance.
In terms of resistance genes, Hemingway et al. (1989) reported pyrethroid-resistant A. aegypti populations to have nonsynonymous mutations in the voltage-gated sodium channels referred to as “knockdown resistance (kdr) mutations” that were potentially selected by
prior exposure to DDT. Known kdr mutations include V1016G, S989P,
and F1534C in populations from Thailand (Plernsub et al., 2016), V419L
in populations from Colombia (Granada et al., 2018), T1520I and
F1534C in populations from India (Kushwah et al., 2015), and other
populations from Polynesia, Ivory Coast, Vietnam, Indonesia, Thailand,
Brazil, and Martinique that also exhibit cross-resistance to DDT conferred by common kdr mutations (Brengues et al., 2003). The PR mosquitoes are a commonly used laboratory strain that is resistant to pyrethroid insecticides and has been shown to carry the kdr mutations
V1016I and F1534C (Estep et al., 2017), the most widely reported kdr
mutations in this species. Estep et al. (2017) also investigated detoxification mechanisms associated with pyrethroid resistance. They emphasized the abundance of cytochrome P450 genes potentially involved in resistance by comparison to the Orlando susceptible strain.
Expression patterns of cytochrome P450 genes were investigated, especially those in the CYP9J family involved in pyrethroid resistance
by increased expression in A. aegypti populations from French Guiana, Guadeloupe, and New Caledonia as compared to the susceptible
population New Orleans (NO) (Dusfour et al., 2015), and from Grand
Cayman and Cuba, also compared to NO (Bariami et al., 2012). CYP9J
genes were observed to increase expression in Merida and Isla Mujeres populations (Stevenson et al., 2012), and some of the proteins
encoded by these genes were assessed to be able to metabolize deltamethrin, showing the potential of these genes in resistance. Stevenson
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et al. (2012) also proposed to use this increased activity and expression as a resistance monitoring tool in the field.
This study focused on variations in cytochrome P450 activity, the
effects of PBO application, and CYP9J gene expression variation between strains, age groups, and sexes that could indicate their involvement in pyrethroid resistance. Based on the results of weight assessment and toxicity bioassays, the analysis showed a difference between
the LD50s of the two strains only, also validating PR as a resistant
strain. However, there were no differences in LD50 values between age
groups and between sexes. The cytochrome P450 enzyme activity
assays showed that constitutively, PR mosquitoes exhibited a higher
cytochrome P450 activity than Rock, and that PR males showed the
highest activity of all groups. The application of a high concentration
of PBO significantly decreased cytochrome P450 activity in PR mosquitoes. Therefore, the increased efficacy of deltamethrin in PR mosquitoes pretreated with PBO can be attributed to the decrease in cytochrome P450 activity generated by PBO exposure. A variation of
this experiment was also performed by Estep et al. (2017), but with a
lower concentration of PBO that resulted in only a 2-fold reduction
in cytochrome P450 activity, which did not produce a large increase
in mortality from permethrin exposure such as the increased mortality observed here with deltamethrin (LD25).
Based on both previous studies and the results of this study showing higher cytochrome P450 activity levels in PR mosquitoes, it was
hypothesized that the increased activity was due to an increase of
CYP9J gene expression. These genes were previously reported to have
a potential role in pyrethroid resistance. Since both females and males
are resistant to pyrethroids, which was confirmed with deltamethrin
LD50 values, the two sexes should exhibit a similar, increased pattern
of expression when compared to Rock mosquitoes, in order to increase insecticide detoxification. The quantitative polymerase chain
reaction (qPCR) analysis showed that expression of CYP9J10, CYP9J19,
and CYP9J28 was increased in the PR strain in both sexes, compared
to Rock females and males. These results would corroborate a potential involvement of CYP9J10, CYP9J19, and CYP9J28 in the pyrethroid resistance exhibited by PR mosquitoes. Based on expression
patterns of the other CYP9J transcripts tested here, CYP9J24, 26, 27,
and 32 may not be directly involved in pyrethroid resistance, due to a
similar expression level of PR females, Rock females, and Rock males,
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although it is interesting to note that PR males exhibit an increased
expression of these transcripts. The higher expression of all transcripts
tested in PR males would match the results of the cytochrome P450
enzyme activity assays showing that constitutively, PR males exhibit
a higher cytochrome P450 activity than PR females. These genes may
assume different functions that could potentially be linked to resistance. The increased expression in males may suggest a male-specific
role for these genes, as shown for the CYP6L1 transcript in the German cockroach (Wen and Scott, 2001), or indicate that these genes
are among the estimated 5 to 15% of cytochrome P450 involved in
the reproduction of insects (Scott, 2008); however, this hypothesis remains to be tested.
The relatively high levels of CYP9J transcripts in PR females and
males may involve fitness costs if they do confer some type of resistance mechanism or if they are linked to resistance. Fitness costs
would need to be determined by comparing emergence time between
sexes and between strains, offspring survivability, egg laying potential, as well as other traits such as flight capacity (dispersal) and wingspan to highlight the physiological trade-offs of resistance. Weight is
a parameter that is often affected by fitness costs, however, it does
not appear to differ significantly between males of the two strains. PR
females were significantly heavier than Rock females between 1 and
5 days old, but not beyond 5 days old, suggesting that there may be
a cost of resistance on weight beyond a certain age in females, although susceptibility was not increased in the oldest age group in
the toxicity assay.
Age was also a significant factor of variation in the transcript expression data. Overall, there was a decrease in expression after day
5 (5 to 7 days old age group) in Rock males, as well as females to a
lesser extent, especially for the CYP9J24, 26, 27, and 32 transcripts. If
these genes were involved in the metabolism of deltamethrin, it is expected that increased susceptibility would also be observed in mosquitoes older than 5 days old. However, the bioassays did not confirm
this hypothesis. Discrepancies were also observed between the results
of this study and the results of previously published work focusing on
multiple strains of A. aegypti. While mosquito resistance testing focuses on females, usually of one restricted age group, this study examined sex and age group differences and provides a more comprehensive picture of expression patterns. CYP9J24 and CYP9J32 have
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been investigated in other studies for their expression levels, the origin of expression changes, and their role in deltamethrin metabolism.
However, our results show that, although there is a difference between
strains in females of 3 to 5 days old for the transcript CYP9J24, other
age groups show that this difference is not significant in younger and
older females and the expression of CYP9J32 does not differ between
PR and Rock females at any age group. Toxicity bioassays did not support age differences, suggesting that these genes may not be as important in resistance as previously hypothesized.
In conclusion, although the CDC and WHO recommend testing female mosquitoes in bioassays, the results of this study show the importance of testing males and females together, since sex was a factor
influencing weight, enzyme activity, and gene expression levels. There
were no significant differences between age groups when comparing LD50 values, which suggests that any age group could be used for
this type of bioassay. However, gene expression showed the importance of investigating different age groups to obtain a more comprehensive picture of expression patterns over time. Indeed, these results
provided important information regarding the potential involvement
of certain genes in pyrethroid resistance.
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